Teachers of Mathematics 2014; Stigler and Hiebert 1999) . Overall, mathematics instruction in the US has changed very little since the early 1900s (National Research Council 2001; Stigler and Hiebert 2009 ). Changing what is taught at each grade can probably be addressed by changing the textbooks, but history suggests that changing how mathematics is taught will be more difficult.
Given the lack of progress in US education at changing teaching practices, it is worth considering other models of professional development than what is commonly used. This paper describes an approach being developed and tested in three large urban school districts, based on lesson study (jugyou kenkyuu) , in which all teachers of mathematics in a school work together to meet the challenges of implementing both the content and practice standards of the Common Core State Standards.
Jugyou kenkyuu vs. lesson study
Jugyou kenkyuu, the primary form of professional development in Japan for over a hundred years, was introduced outside of Japan in the late 1990s, translated as "lesson study" (Stigler and Hiebert 1999; Yoshida 1999) . The early research articles that introduced lesson study described what Japanese teachers do to improve teaching and learning based on case studies (e.g. Lewis and Tsuchida 1998; Yoshida 1999; Stigler and Hiebert 1999) . But those case study reports could not explain much about why Japanese teachers do what they do, or which parts of the process are essential and which parts could be modified.
Early attempts
Based on those reports, researchers, educators, and teachers around the world have attempted to use lesson study to improve mathematics teaching and learning. But almost none of those researchers or educators had observed lesson study in Japan, or had prior experience of doing lesson study themselves. Some of these projects faithfully followed the descriptions of lesson study, and some adapted the process to fit the limited time that most schools were willing to offer. Nevertheless they hoped to replicate the success of lesson study in Japan at transforming traditional teacher-centered instructional practice to student-centered instruction that focuses on mathematical thinking and problem solving (e.g., Hart et al. 2011) .
The effectiveness of these projects is unclear. Only a few cases have been documented in which there was strong evidence of impact of lesson study on teaching and learning (e.g., Lewis et al. 2006) . Perhaps the clearest such evidence comes from the Lesson Study Group at Mills college, where researchers conducted a randomized, controlled trial of lesson study supported by mathematical resource kits, and found a significant impact on both teachers' and students' mathematical knowledge (Lewis and Perry 2014) . In a recent review of 643 studies of mathematics professional development using a process modeled on What Works Clearinghouse guidelines-some using lesson study and some not-only the Lewis and Perry study, and one other, met scientific criteria and showed impact on student learning (Gersten et al. 2014) .
In Japan, whenever the national curriculum is revised, lesson study plays a critical role in the effective implementation of the new curriculum across the country (Takahashi 2014b) . We believe that lesson study can support the implementation of the Common Core State Standards here in the US. But it will be important to understand why lesson study has been less consistently impactful outside of Japan-whether there are important aspects of lesson study as practiced in Japan that are getting "lost in translation" and can be fixed, or whether the problem is due to cultural differences that cannot be fixed.
Understanding lesson study
For Japanese teachers, lesson study is an integral part of teaching, "like the air" as one teacher put it (Fujii 2014) , and, as with the air, it has been hard to see what lesson study is really made of. But some aspects of Japanese lesson study have become visible as a result of flawed attempts to use it elsewhere and as a result of recent studies of jyugyou kenkyuu in Japan. Fujii (2014) examines how lesson study is practiced in some of the African countries supported by Japanese educators, and notes that many aspects of lesson study as practiced in Japan are left out. The same occurs in the US. For example, many projects omit the first crucial phase of lesson study, kyouzai kenkyuu, 1 that helps teachers gain knowledge and insight into mathematics and student thinking (Takahashi et al. 2005; .
Insights through counterexamples
The first author of this article, who himself practiced lesson study as a teacher in Japan, has had plenty of experience observing activities referred to as "lesson study" which, in his eyes, looked very different from what he used to do. One school district, for example, decided to fit an entire lesson study cycle into 1 day. In the morning, a team of teachers came together to spend 30 min planning a lesson. They taught the lesson to students and reported what they observed. That afternoon, they modified the lesson plan in 30 min and taught the revised lesson. On the surface, this 1-day process included all the components of lesson study that are described in most journal articles and resources. But the typical duration of one lesson study cycle in a Japanese elementary school is more than 5 weeks (Murata and Takahashi 2002) -it is certainly never done in just one day.
Another example from a different district shows a profound misunderstanding of the purpose of lesson study. After a public research lesson and post-lesson discussion, the teachers who planned the lesson commented that they had not learned much from the process because they had already done lesson study six times on that same lesson. This team thought that the purpose of lesson study was to create a perfect lesson plan. The true purpose of lesson study, however, is to gain new knowledge for teaching and learning, not to perfect a lesson plan. In fact, re-teaching a research lesson even once is not a common practice in Japan (Fujii 2014) .
Investigating lesson study in Japan
In addition to these examples of lesson study being misinterpreted, and thus shedding light on what lesson study is and is not, researchers have recently investigated how and why Japanese teachers use lesson study and how the process of lesson study helps Japanese teachers build their knowledge and expertise of mathematics teaching and learning. This work contributes to a greater understanding among Japanese as well as non-Japanese educators of the conditions necessary for schools and teachers to conduct lesson study effectively (e.g. Lewis et al. 2006; Murata and Takahashi 2002; Watanabe 2002; Fernandez and Yoshida 2004; Shimizu 2002 ).
An important finding is that lesson study in Japan is most often conducted as part of a highly structured, schoolwide project, involving all or nearly all of a school's staff, aimed at addressing a common teaching-learning challenge (Takahashi 2014b; Takahashi and McDougal 2014) . This contrasts with most lesson study projects outside of Japan, which are done by enthusiastic volunteer teachers independent of their school professional development activities.
Another important finding from recent research concerns the role of supporting professionals (koushi), often referred to in English as "knowledgeable others." A knowledgeable other is someone from outside of the planning team with deep expertise in the content, often deep expertise in teaching, and much experience with lesson study. Many lesson study projects in the US are done by teachers without a knowledgeable other, but lesson study in Japan almost always includes a knowledgeable other who provides final comments at the post-lesson discussion, and sometimes a different knowledgeable other who may draw attention to key issues during the planning phase (Watanabe and WangIverson 2005) . Lewis argues that knowledgeable others from outside the planning team may be critical to scaling up successful school-based lesson study in the US (Lewis et al. 2006 ). Based on a study by , Takahashi (2014a) conducted a case study that looked at three experienced knowledgeable others in Japan in order to better understand their role, and noted many ways in which their final comments helped participants connect the lesson with larger issues in mathematics and pedagogy.
Identifying important elements of Japanese lesson study
Lesson study has been the primary mechanism of professional development for both prospective teachers and practicing teachers since the Japanese public education system started (Lewis 2000; Lewis and Tsuchida 1998; Murata and Takahashi 2002; Takahashi 2000; Takahashi and Yoshida 2004; Makinae 2010; Yoshida 1999) . The forms of lesson study vary depending upon its purpose; the most common form of lesson study takes place within a single school as a school-based professional development program (Yoshida 1999) . A very common purpose of school-based lesson study is to seek practical ideas for the effective implementation of the Japanese national curriculum, or course of study (Murata and Takahashi 2002) . Japanese teachers begin lesson study by carefully reading the course of study, reading relevant research articles, and examining available curricula and other materials, a process called kyouzai kenkyuu, or "study of materials for teaching" (Takahashi and Yoshida 2004; Takahashi et al. 2005) . Based on their kyouzai kenkyuu, they then design a lesson focused on a problematic topic while also addressing a broader research theme related to teaching and learning. This lesson, known as a "research lesson" (kenkyu jugyou), is taught by a teacher from the planning team while the other team members-and other educators who are not on the planning team-observe. The planning team and observers then conduct a post-lesson discussion (kenkyuu kyougikai) focusing on how students responded to the lesson in order to gain insights into the teaching-learning process and into how the course of study should be implemented (Lewis and Tsuchida 1997) .
From the "lesson study" activities that so clearly deviate from lesson study as practiced in Japan, and from the research that specifically analyzes the nature of lesson study in Japan, the following features emerge as likely to be important for lesson study to be most effective:
1. Participants engage in lesson study to build expertise and learn something new, not to refine a lesson.
2. It is part of a highly structured, school-wide or sometimes district-wide process. 3. It includes significant time spent on kyouzai kenkyuu. 4. It is done over several weeks rather than a few hours. 5. Knowledgeable others contribute insights during the post-lesson discussion and during planning as well.
The remainder of this paper describes our on-going work in a large urban school district in which we are applying these principles to help schools implement the new Common Core State Standards.
What we have been learning
Since 2002, the authors have been working in a large US school district to help teachers improve mathematics teaching and learning using lesson study. For a long time, most of this work, like most lesson study in the US, involved small teams of enthusiastic volunteers engaged in lesson study outside of the professional development structures of their schools. Indeed, the teachers often came from different schools. Because of the first author's many years of experience with lesson study as a teacher in Japan, we are confident that the work done by these teachers captured the most important aspects of lesson study, and the teachers benefited accordingly. But the benefits of these efforts have often dissipated as teachers moved away, schools changed administrations, or teachers just grew tired of trying to practice lesson study without adequate time or support from administrators and colleagues. Despite the fact that public research lessons have been going on in the city for 12 years, all the schools that piloted lesson study in the early years discontinued after a few years.
When the state adopted the Common Core State Standards in 2010, with full implementation to begin in the fall of 2014, the professional development climate changed. Many teachers and administrators recognized the magnitude of the changes that they need to make, both in terms of content and instruction. Furthermore, they recognized that the professional development they were getting was not adequate, although they weren't always sure what was missing. A study of professional development in three large US cities found no consistent impact on teacher growth (TNTP 2015) . Most of that professional development focused on building teachers knowledge of teaching; but to meet the full challenge of the new standards, teachers need professional development that focuses on developing their expertise in teaching, i.e. their ability to apply new knowledge in the classroom and to teach in ways that will develop students' problem-solving, reasoning, and communication skills as called for by the new standards.
The authors are now working with five public elementary schools where the administrations not only support lesson study, but want to make it a routine component of professional development for all teachers. All of these schools are high-poverty schools whose students face many challenges. Expanding lesson study to all teachers can be challenging, but our experience with these schools has shed valuable light on what it takes to make it happen. We share our preliminary findings through case studies of these schools, where the work is still in progress.
Five cases of lesson study in urban public schools
Teachers from over 30 different schools in the city have been engaged in lesson study since 2002, but, as mentioned previously, these efforts were almost all disconnected from school initiatives and eventually faded away. But now five public elementary schools, serving students from kindergarten through grade 8, are using lesson study as their major form of professional development for mathematics. In this section, we describe the evolution of lesson study at the five schools and describe what we are learning from their work.
School A
School A first opened in the fall of 2009, and lesson study began there when two teachers and the math/science coordinator attended a lesson study workshop during the summer of 2010. Over the next several years, the math/science coordinator was a low-key but consistent advocate of lesson study, recruiting other teachers and working side-byside with them to plan research lessons. The authors of this article served as knowledgeable others, providing feedback on draft lesson plans, observing their research lessons, facilitating the post-lesson discussions, and providing final comments. And, crucially, the school administration attended the research lessons and provided class coverage so that other teachers could attend the lessons as well.
Besides the considerable social skill wielded by the math/science coordinator and the encouragement and logistical support provided by the administration, the early establishment of a good school research theme helped motivate teachers to get involved. The math/science coordinator and the teachers who participated in lesson study decided early on that they wanted to improve their students' ability to articulate their reasoning-this began before the new standards were adopted but aligned well with one of the Standards for Mathematical Practice, "Give a viable argument and critique the reasoning of others". They made this goal more concrete by connecting it to student note-taking and teachers' use of the board. They thought that if students could learn to use their notebooks to record their own thinking, the notebooks would support them in making oral arguments. And, if students could learn to record the thinking of other students, this would be a step toward thinking critically about others' reasoning. But for students to learn to use their notebooks in this way, teachers would have to model it for them on the board. Also, teachers could use the board strategically to display different student solutions as a way to support discussion about those solutions.
Teachers at school A agreed that they wanted to work on student communication and recognized that lesson study would be a way for them to develop the classroom practices (including use of the board) that they would need to support their students. Teachers realized, however, that if they wanted the students to talk about mathematics, they needed something substantive to talk about. This led the teachers to the idea of "teaching mathematics through problem solving", an approach widely used in Japan (Shimizu 2003) . They felt that their current curriculum did not support this way of teaching, so they turned to an English translation of a Japanese textbook, Mathematics International (Fujii and Iitaka 2012) . They recognized the challenge of teaching math through problem solving and, again, saw lesson study as a way to support each other in learning to teach that way.
The teachers started with a high level goal, which was to have students give viable arguments and critique the reasoning of others, and generated a hypothesis which connected that goal to three concrete changes in practice: teach students to use notebooks; organize work on the board more deliberately in order to support student note-taking and discussion about students' ideas; and design lessons around challenging tasks. This concrete hypothesis turned an abstract goal into an achievable goal.
Test score results encouraged the teachers and faculty to continue: growth in mathematics as measured at the end of 2014 was at the 67th percentile. But even more encouraging were the mathematical conversations that were now taking place in the classrooms. Even kindergarten students would present an idea, then turn to their classmates and ask if they agreed or disagreed. By spring 2015, 20 of the 27 teachers of mathematics in the school (74 %) had been involved in planning at least one research lessoneven the principal and assistant principal had each taught a public research lesson-and the administration was making it clear that participating in lesson study would soon be expected of every teacher.
School B
In 2012, school B got a new principal and assistant principal. The assistant principal had traveled to Japan to learn about lesson study when she was a math coordinator at another school, and had taught a public research lesson. In the first year at school B, she recruited a small group of teachers to work with her to plan a research lesson, which she taught on a professional development day with the entire faculty observing.
Lesson study spread slowly at first. In the summer following the first research lesson, one team of five teachers attended a lesson study workshop to plan a research lesson, which they conducted publicly the following spring. They and the assistant principal encouraged other teachers to get involved, and in the next summer, 2014, two teams comprising 10 teachers attended the lesson study workshop again. But in the 2014-2015 school year, every teacher of mathematics but one (24 teachers) participated in planning a research lesson, and there was at least one research lesson in each of grades K, 1, 2, 3, and 8 (the latter was planned by teachers from grades 4-8).
Several forces helped lesson study take hold. Clearly the assistant principal played a critical leadership role, similar to the role of the math specialist at school A, by participating on the first planning team, teaching the first research lesson, and gently but persistently encouraging teachers to try lesson study. Teachers who participated early on told their colleagues about how valuable it was. The principal also provided important support by paying for teachers to attend the summer workshops and an annual lesson study conference, and by providing release time so that the teachers could conduct their research lessons and so that other teachers could attend them.
The school also established a partnership with school A, whose teachers opened their research lessons. Through this process, teachers at school B learned about the Japanese textbook and decided to start using it. According to the assistant principal, having access to a good curriculum made lesson study much more satisfying for them.
School C
At school C, lesson study began as it often has elsewhere, with a small volunteer group of teachers. In this case, it was originally three teachers (later, four) who taught grades 3 and 4. The principal, who was enthusiastic about lesson study, supported their efforts by giving them release time during the school day for planning and teaching their research lessons. Over time, the students of these teachers, mostly second language learners, scored increasingly well on the state math test. At least four times, on staff development days, the teachers conducted a research lesson that was observed by the entire faculty, as a way to share their learning with their colleagues. The teachers also planned and taught, several times, public lessons at a major annual lesson study conference.
But despite the successes of these teachers with their students, and despite their occasional efforts to persuade their colleagues to try lesson study, for several years lesson study failed to expand beyond the core group.
Two of those teachers and the principal strategically planned a different approach in 2014-2015. At the end of summer 2014, during professional development days before school began, the principal asked the experienced teachers to lead a grade K-1 team and a grade 2-3 team in developing research lessons, and required the other teachers from grades K-3 to participate. Not only did those teams successfully complete their research lessons, each team decided to do a second research lesson in the spring (one in math, one in literacy). The principal reports that teachers show signs of investment in the process-such as choosing to attend research lessons at other schools, visiting other classrooms, planning together more frequently, and consulting the Japanese textbook.
School D
School D first admitted students in the fall of 2009, using space in an under-utilized school building alongside an existing elementary school; by fall 2013 it had taken over the entire building. Like at school B, the lesson study effort was led by the assistant principal. In the summer of 2013, he and three teachers-one from kindergarten, one from grade 3, and one special education teacher-attended the summer lesson study workshop and developed a research lesson for grade 3, which they tested in the following October. A second team, comprising the 3rd grade teacher from the first team and two new members, planned a second research lesson for the spring, with release time and paid after-school time. In summer 2014, three teams attended the lesson study workshop, and there were a total of five research lessons during the following school year. Out of 21 teachers who taught math, spanning grades Pre-K to 8, 16 were involved in planning a research lesson during 2014-2015. But, despite the success at expanding lesson study as a school-wide practice, the impact of their work has been limited by the lack of a coherent school-wide research theme, a problem the administration plans to address.
School E
At school E, lesson study was imposed top-down. Although such an approach is frequently disastrous, special circumstances helped it work in this case.
The school was a so-called "turn-around" school because of historically low academic performance: in previous years, only 50 % of students had met state standards in reading and mathematics. As part of the turn-around, the entire staff was replaced; all the teachers and administrators were new to the school in fall 2014, and almost all of the teachers were in their first year or two of teaching. The school had extra funds as part of the turn-around and the administration was investing heavily in professional development, paying the teachers for after-school time to work in professional learning communities focused on math and literacy.
Being inexperienced and in a tough situation, the teachers were struggling despite this extra support. Mid-year formative test results suggested that students were making promising progress in literacy but not in mathematics. So in early January 2014, the administration invited one of the authors to give a presentation to the faculty about teaching to the new standards. According to the principal, teachers were impressed by the ideas but were also intimidated, wondering how to implement them. A few weeks later, the authors gave a presentation on lesson study and how it could help them improve their practice, and the administration described their plan to make lesson study the focus of the already-occurring math meetings, with support from the authors.
The school faculty established a school-wide research theme, which, similar to the one at school A, was about students giving viable arguments. Then, during the rest of that winter and spring, four teams planned and conducted one research lesson each for grades K, 2, 4, and 7. Throughout the process, the administration reinforced the message that everyone was learning together, and teachers celebrated each research lesson by going out for food and drink. (Following the custom in Japan, the teacher of the research lesson ate and drank for free).
End-of-year test scores showed strong growth in mathematics (66th percentile), which encouraged the administration and faculty to continue lesson study in the following year and helped the administration obtain approval from their superiors to do so.
Lessons learned from the five schools
Juxtaposing school C with the other four schools offers valuable twin lessons about obstacles and strategies for establishing lesson study as a school-wide practice.
One obstacle was that school C had no lesson study leader. Despite his enthusiasm for lesson study, the principal was swamped with the demands of his job and competing mandates coming from his superiors. He also respected the teacher-led character of lesson study, and was concerned that a top-down mandate would undermine longterm change. Meanwhile, the core group of teachers, who were quite busy with their day-to-day teaching, didn't see themselves as instructional leaders (nor, probably, did their more-experienced colleagues view them that way), despite their experience teaching public lessons at their school and at conferences. In contrast, school A had a math/science coordinator and schools B, D, and E each had an assistant principal who actively promoted lesson study.
But in the spring of 2014, all four members of the core group received National Board Certification. Two of those members then helped lead a summer workshop on using lesson study to learn to teach math through problem solving. This appears to have developed their confidence and self-image as instructional leaders, and helped their principal to view them that way as well.
Another obstacle may have been the school's overall success with its students. Although 99 % of the students at school C qualify for free or reduced lunch, and the majority of students are learning English as a second language, the students' math scores at the school have been very high: in 2012 over 80 % of students at every grade level met or exceeded state standards, and scores were rising. Based on these metrics, current practices were successful, so there was little motivation to change. The original core group of three teachers learned about teaching math through problem solving when they were together at a different school several years before, and this had become their shared research theme, but the rest of the faculty had no such theme to motivate their participation in lesson study-and they still do not, which may be an obstacle to expanding lesson study further.
Based on these case studies, then, the following elements seem to be important catalysts of school-wide lesson study:
• enthusiasm for lesson study from the school principal, clearly communicated to the faculty; • a persistent lesson study advocate in addition to the principal; • a compelling school-wide goal for teaching and learning; • a commitment on the part of the school administration to provide time for lesson study, through use of funds, staff, and district-mandated professional development time.
In the rest of this paper, we will look at how schools can organize to use lesson study to drive durable, long-term change in teaching and learning and meet the expectations of the new standards.
Collaborative lesson research (CLR): a powerful form of lesson study
Lesson study is not an end in itself, but a process for accomplishing specific teaching-learning goals. From the first author's experience, from research on lesson study in Japan (e.g. Takahashi 2014b; Takahashi and McDougal 2014; Fujii 2014; Takahashi 2011a Takahashi , 2014a , and from our experience with the schools described above, we hypothesize that certain institutional structures and practices are important for maximizing the impact of lesson study. We now elaborate on each of these.
A clear research purpose
One of the jyugyou kenkyuu counterexamples in Sect. 2.2.1 above involves a lesson that the team had refined through multiple trials. In that instance, the team was not trying to learn anything new; the lesson was more a demonstration of what they had developed. In contrast, CLR is research, a search for a solution to a teaching-learning problem.
The research focus of CLR usually has two layers. One layer involves the teaching of specific content: how can we design a lesson so that students learn such-and-such concept or skill better than they have in the past? Thus the topic of the research lesson should usually present some challenge for students or teachers. The second layer involves a broad teaching-learning goal that is shared by the CLR community, and that goes beyond any particular topic or grade level and may even be cross-disciplinary. This second layer is referred to as the research theme.
There is no widely shared definition of "research theme", but in our view a research theme describes (a) a desired outcome for students, and (b) an entry point for achieving that outcome. At schools A and E, for example, teachers seek to improve their students' ability to give a viable argument and to critique the reasoning of others; their entry point is teaching students to use journals to record their own ideas and the ideas of others. A complete statement of the theme should be short enough to be memorable, such as "For students to be able to clearly explain their thinking and consider the ideas of others through the support of their own journals".
We have seen how a compelling research theme has been an important motivator at three out of the five schools described above. Teachers are conscious of a gap between the outcomes they desire for their students and what they have been able to achieve, and they are eager for the opportunity to work together to close that gap. Because their research theme is relevant to all grade levels, the teachers see how they can benefit by observing research lessons with students older or younger than their own, and engaging in lesson study allows them to contribute to their professional community.
Kyouzai kenkyuu
Kyouzai kenkyuu, the careful study of academic content and teaching materials, is integral to lesson study as practiced in Japan (Takahashi et al. 2005; Takahashi and Yoshida 2004) ; it is analogous to a literature review in scientific research. It involves an investigation of the intended learning trajectory related to the topic from lower to higher grades, through a review of the standards and curriculum, and research into teaching and learning issues such as typical misunderstandings around the topic. Kyouzai kenkyuu also includes consideration of possible tools, manipulatives, or materials that may be used, and possible tasks that may be presented to students. Thorough kyouzai kenkyuu helps avoid "reinventing the wheel", making it more likely that CLR will contribute new knowledge to the education community.
One obstacle for teachers at the five schools, as for all teachers in the US, is the quality of available materials to support kyouzai kenkyuu, especially compared to the materials available to Japanese teachers . Initially, no curricula were available that aligned well with the new standards, and most US textbooks are designed to support didactic instruction, which does not develop students as independent problem solvers. Thus, like the teachers at school A, when they conducted their kyouzai kenkyuu, the teachers at the other four schools usually studied the same Japanese textbook series.
A written research proposal
A CLR planning team creates a written document, called the lesson research proposal, to communicate what the team learned from their kyouzai kenkyuu, and to explain their instructional thinking. It includes learning goals for a unit, an overview of the unit, a detailed teaching-learning plan for one particular lesson within the unit (the research lesson), a rationale for the design of the unit and research lesson, and a clear statement of how the research lesson aims to address the research theme and the learning goals. In our experience, a thorough lesson research proposal may be 9 pages long. The authors developed a template document to guide CLR teams in organizing their lesson study work and in writing their proposal. 
A live research lesson and post-lesson discussion
Based on the lesson plan in the research lesson proposal, one member of the team teaches the research lesson, observed by the entire planning team and by additional members of the CLR community. Observers are responsible for collecting data on how the lesson impacts the students, relative to the research theme and the learning goals. A video recording of the lesson can be useful for some purposes, but CLR requires observations from multiple viewpoints, so video does not substitute for live observation.
As soon as practical after the research lesson, observers share data and discuss implications, especially with respect to the learning goals of the lesson and the research theme. 4 The primary goal of the discussion is to gain insights into teaching and learning and to inform the design of future lessons, not to revise the lesson plan. These discussions generally benefit from a moderator, someone not on the planning team, who helps focus the discussion on important issues and keeps the conversation grounded in data.
Knowledgeable others
As discussed above, "knowledgeable others", persons with both extensive knowledge of the topic and extensive experience with CLR, are invited by the team to help them go beyond what they know. Ideally a CLR community needs two knowledgeable others: one for supporting proposal development and another for providing the final comments at the end of the post-lesson discussion.
During planning, a knowledgeable other may help the team identify instructional examples to review, valuable resources in the form of articles or results from other CLR work, and may give feedback on the proposal. Besides having extensive knowledge of the subject matter and the topic, this knowledgeable other should be familiar with the school's curriculum and students. An experienced teacher or a content coach who often works at the school may play the role of this kind of knowledgeable other. At school A, this role is played primarily by the math/science coordinator; at the other schools, one (or both) of the authors joins some of the lesson study meetings and provides guidance. As teachers deepen their knowledge of content through lesson study, we expect that they will be able to provide this service to each other.
Another knowledgeable other is needed at the research lesson. At the end of the post-lesson discussion, he or she is expected to highlight important events from the research lesson that were not discussed, and make connections between the lesson and new knowledge from research and standards. The knowledgeable other also provides suggestions to the CLR community of possible steps they could take toward accomplishing their research theme (Takahashi 2014a; Watanabe and Wang-Iverson 2005) .
Sharing of results
CLR is not just for the improvement of teaching and learning within the team, but also for improving teaching and learning more broadly. Thus CLR should include a structure or process for disseminating what is learned from each research lesson to a larger community. Simply inviting people from outside of the planning team to observe and discuss the research lesson is one valuable way that CLR teams contribute to the learning of other educators while benefiting from the additional eyes and expertise that the additional observers bring. In addition, the team may distribute their research lesson proposal, which encapsulates the team's research and their instructional ideas, and can be useful to other educators. This document is made more powerful through the addition of a written reflection by the team, completed within a few days after the research lesson, which describes what they learned from the live lesson observation and post-lesson discussion about their research hypothesis, mathematics, student thinking, teaching, etc. At the five schools we are working with, the administrators have found ways to enable teachers who are not on the planning team to participate in observing and discussing the research lessons, and have often invited teachers from the other schools to observe these lessons as well.
We chose these six defining characteristics of CLR based on findings from research on lesson study outside of Japan and jugyou kenkyuu in Japan, and our own experience of working with schools. As defining characteristics, we consider them required elements of CLR: if any of them is missing, then the activity cannot be called CLR. In addition, we note that although CLR does not have to be done more than once, it almost always is, because the research theme is usually difficult to accomplish and is broader than any single topic. Lessons learned from one CLR cycle lead to revised theories about how to address the theme, or adjustments in the theme itself, which lead to another CLR cycle involving a different topic perhaps at a different grade level (see Fig. 1 ).
Implementing school-based CLR to support implementation of new standards
As mentioned above, a very common purpose of schoolbased lesson study in Japan is to solve the problem of implementing revisions to the national standards. CLR, as we define it, is not necessarily a whole-school endeavor. But similar to schools in Japan, we believe that US schools can-and perhaps must-use CLR school-wide to fully implement the Common Core State Standards. The authors are currently testing the following three-phase model of school-based CLR for implementing the new standards in the five schools described above.
The first phase
To be ready for the full implementation of school-based CLR, some ground work needs to be done before the school year begins, either during summer professional development or at the end of the previous school year.
To maximize the impact of the CLR work of teachers within the school, some coordination is needed. This is the role of the school research steering committee, and forming this committee is an important part of the first phase of school-based CLR. Typically, the committee should comprise teachers from different grade levels at the school and a teacher leader or content specialist. It is responsible for leading the school's CLR efforts, ensuring that what is learned at each research lesson is disseminated to the rest of the school, and maintaining cohesiveness of ideas across the grades (Takahashi 2014b; Takahashi and McDougal 2014) . The research steering committee is expected to be responsible for the following:
• developing a master plan for the school research;
• scheduling and leading meetings to find strategies to address the school's research theme based on the ideas of the teachers; • planning, editing, and publishing school research reports, including those for a research open house; and • arranging for knowledgeable others to present lectures, teach demonstration lessons, and give final comments at research lessons.
One of the first tasks of the research steering committee is to create a draft schedule of research lessons for the following year.
Another important step in phase one is to establish a research theme, which will focus teachers' efforts on implementing the new standards. This research theme should come naturally out of differences or gaps between the school's educational goals and the standards on the one hand, and the actual state of the students on the other. A draft research theme can be developed by the research steering committee, but it should be approved by consensus of all the teachers of mathematics. A Research Conception Map (Fig. 2 ) makes explicit the relationship between the school's educational goals, the standards, and the actual state of the students.
Three or more "CLR teams" should be created, subgroups of teachers by grade band (e.g. K-2, 3-5, and 6-8) that are responsible for planning research lessons. Each CLR team should create a description of an ideal student profile appropriate for their grade band in terms of the research theme. Coming up with an ideal student profile is a typical practice in school-based lesson study because it provides observable behaviors or outcomes by which the success of lesson study can be measured. Then, each team should come up with a hypothesis about concrete steps they might take in everyday lessons that will move students toward the ideal profile.
The second phase
The second phase of school-based CLR consists of multiple iterations of the CLR cycle shown in Fig. 1 . Each CLR team conducts two CLR cycles during the year to test and refine their ideas about how to overcome the issues that the team identified during the first phase. So each school will have six CLR cycles in the year, and each teacher will be a part of two CLR cycles as a member of the team, planning and conducting the research lessons. In addition, each teacher at the school is encouraged to participate in research lessons and post-lesson discussions conducted by the other CLR teams four times in each year. This means that each teacher of mathematics at the school will engage in discussion regarding the school research theme, in the context of a research lesson, almost every month during the school year. In this way, schools will become the place for teachers to learn to improve mathematics teaching and learning, and implementing the new standards will be a common, collaborative endeavor.
At the end of a CLR cycle, the team summarizes their learning from the research lesson and submits a report to the research steering committee. When all three teams have submitted their reports, the research steering committee reviews the reports in order to consolidate learning, and shares their findings back to the teams. Figure 3 shows the major activities during the second phase.
The third phase
The third phase of the school-based CLR project occurs in the next school year. It includes the same activities as in the second phase, but the purpose of the CLR cycles in this third phase is to refine and consolidate what was learned during the second phase. As is typical in Japan, the school publishes a report on their work, which includes:
• how the school came up with the theme; • all research lesson plans from the 2 years with summaries of the post-lesson discussions and key learnings; and • a summary of a wrap-up discussion at the end of the school-based CLR project.
The next step
In the summer of 2002, a joint US/Japan seminar entitled "The professionalization of teachers through Lesson Study" was held at Park City, Utah. Although one of the major goals of the seminar was to clarify the mechanisms and operating principles of lesson study, Japanese mathematics education researchers and teachers did not then have clear definitions to distinguish authentic lesson study from lesson study-like activities. After more than a decade of attempts to use lesson study outside of Japan, important mechanisms and operating principles of effective lesson study are becoming clear. By coining the term "Collaborative Lesson Research" and clearly defining it, the authors hope to guide educators who wish to use lesson study to improve teaching and learning. In January 2015, the authors joined a project designed to help schools in three large urban districts use CLR schoolwide to implement the Common Core State Standards. We began piloting the process in 5 schools in one district, following the three phases described above, and plan to duplicate the process in ten additional schools in the other two districts. The goal is to develop a model and system of supports for establishing school-based CLR.
A few months into the second phase of this project, many of the components of CLR are in place in the five lead schools, and the majority if not all of the teachers of mathematics at every school except school C 5 are involved in lesson study. Both teachers and administrators are expressing great satisfaction with the learning taking place; the following statements by teachers are some examples:
Lesson study has enabled me to reflect upon my own teaching not only individually, but within a supportive team. It has helped push me to be more introspective and ask myself the question 'why' within my planning and instructional decisions.
Lesson study has completely changed my approach to mathematics instruction…. My math pedagogical knowledge has increased tremendously. It is through lesson study that I've been able to truly reflect and gain insights into children's mathematical understandings/misunderstandings.
We are loving lesson study. This could be transformative for our school.
As for the CLR components not yet in place, teachers or administrators are beginning to recognize the need for them. For example, after one recent post-lesson discussion, the principal asked about ways to share valuable insights from that discussion with teachers who were not presentthe "sharing of results" component in our list above. Thus we are optimistic that collaborative lesson research fits the needs of the teachers and may become a primary form of professional development in the schools for improving mathematics teaching and learning.
We also have reason to expect that this work can be sustained and will yield clearly-identifiable improvements in students' learning. School-wide lesson study has been sustained at other US schools for periods of 5 years or more, and has shown impact on student achievement (Lewis et al. 2006) . Accounts of these school-wide lesson study efforts (Lewis 2002; Lewis and Hurd 2011) and video of key elements of the process 6 illustrate the power of teachers developing a shared research theme and conducting lesson study cycles to investigate and improve instruction, guided by their theme. Although it is premature to assess the impact on student learning at the five lead schools, the viability and effectiveness of implementing the school-based CLR 5 At school C only the K-3 teachers are currently involved in Lesson Study. 6 http://lessonresearch.net/resources2.html. model could be examined through the collection of the data in phase 3 of this project.
